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Abstract 
We have proposed that GdBa2Cu3O7-x bulk material with small holes can easily be magnetized by pulsed-field 
magnetization. When the fundamental experiment of applying a single pulsed field with various amplitudes was 
carried out, the total magnetic flux sharply increased in a low applied field, and flux reduction caused by flux flow 
hardly occurred in a high applied field. In this paper, we investigate the cause of these effects by using trapped field 
distributions to calculate current densities in the regions with and without holes. The value of the region with holes 
was about 10% greater, implying that suppression of flux flow created enhancement of the current density by small holes. 
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1. Introduction 
When superconducting bulk magnets are magnetized and used as permanent magnets, they can generate strong 
magnetic fields in compact devices at a low running cost. Therefore, these magnets are considered for various 
industrial applications, such as magnetic separation, motor/generator, drug delivery system (DDS), and magnetron 
spattering [1-5]. To promote industrial applications of bulk magnets in the future, enlargement of the magnetic field 
and ease of magnetization are important. Pulsed-field magnetization (PFM), which is one of the major magnetization 
methods, has the advantages of cost and time because a bulk can be magnetized with a simple and relatively cheap 
apparatus, which consists of a conventional condenser bank and a copper coil, and magnetizing time is usually only a 
few seconds. Therefore, PFM is an important technique for industrial applications. However, a problem exists in that 
the strength of the trapped field, BT, is less than half that produced by a field-cooling method at low temperature 
below about 50 K. To improve the value of BT in PFM, several advanced PFM methods, such as IMRA (iteratively 
magnetizing pulsed-field operation with reducing amplitudes) [6], MPSC (multi-pulse technique combined with a 
stepwise cooling) [7], and MMPSC (modified MPSC) [8], have been developed, and a value in excess of 5 T is 
achieved by the MMPSC method. These are magnetizing methods in which several pulsed fields are applied by 
changing both the strength of the magnetic fields and the cooled-down temperatures based on the idea of controlling 
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heat generation of the bulk during magnetization. Recent enlargement of the size and enhancement of the performance 
of bulk material tend to increase the strength of the applied field because magnetic fluxes do not penetrate into the bulk 
easily due to the strong magnetic shield. If a strong magnetic field is applied to overcome the shield, it generates a 
large amount of heat, and the trapped field is decreased. 
We have proposed GdBa2Cu3O7-x bulk material with small holes to improve the efficiency of magnetic flux trapping 
[9]. Although the idea of introducing small holes filled with metal into a bulk material already exists, the holes are 
opened in the center or throughout the whole material in an effort to improve the cooling efficiency and enhance 
magnetic coupling performance [10-14]. In our concept, the holes take on the role of an artificial magnetic flux path in 
the bulk to reduce heat generation. Therefore, small holes are opened only in a portion of the growth sector region 
(GSR). The fundamental experiment of applying a single pulsed field with various amplitudes was carried out at 30 K. 
It was confirmed that magnetic flux penetrated into the bulk easily in a low applied field, and the reduction of the 
trapped field caused by flux flow was slight in a high applied field. We inferred that the cause was enhancement of the 
current density in the portion with holes. In this paper we investigate the inhibiting effect of magnetic flux reduction in 
detail by applying a single pulsed field with varying amplitudes and temperatures and then evaluating the current 
distributions in the holed and the holeless regions. 
2. Experimental 
A 60 mm x 20 mm GdBa2Cu3O7-x bulk material with four 2 mm holes filled with solder is attached on a cold 
stage connected by a copper rod to the second stage of a two-stage-type Gifford-McMahon cycle helium refrigerator 
(RF273S, AISIN SEIKI CO., LTD.). The position of the holes in the material is 3, 7, 11, and 15 mm from the edge in 
a growth sector region (GSR). The bulk is cooled to 20, 30, 40, and 50 K, which was regulated with a thermo-
controller, and a magnetizing copper coil dipped in liquid nitrogen was located outside the vessel. A pulsed field, 
μ0H=3.1, 3.9, 4.6, 5.4, 6.2, and 7.0 T, is applied, and the rising time of the pulse is 10 ms. After the coil is removed, 
the trapped field distribution is measured by a Hall sensor (HGT-3030, LakeShore Cryotronics, Inc.) with respect to 
elements along the pole axis, Bz, above the vacuum vessel where the gap between the bulk surface and the sensor is 4 
mm. The sensor is scanned with a pitch of 2 mm in the x- and y-directions and an interval of 0.5 s. For comparison, the 
same experiment is carried out using a holeless GdBa2Cu3O7-x bulk of the same size. 
3. Results and discussion 
Fig. 1 shows the normalized total flux at the maximum value n in the holed and the holeless bulks at 20-50 K. For 
an applied field below 4.6 T, the n value of the holed bulk is greater than that of the holeless bulk at all temperatures, 
implying that magnetic flux easily penetrates the small holes. Although the n value is reduced in an applied field 
above 5.4 T at 20 and 30 K and above 4.6 T at 40 and 50 K, the decrease of the holed bulk is less than that of the 
holeless bulk at 20 and 30 K. This result suggests a flux-flow inhibiting effect by the holes. On the other hand, both 
curves mainly overlap at 40 K, and the value of the holed bulk decreases greatly at 50 K, indicating that the above-
mentioned effect is lost at high temperatures. 
Fig. 2 shows one-dimensional magnetic field distributions on the dotted lines through the small holes as shown in 
an inset for μ0H=3.1-7.0 T at 20-50 K. Although there is a small peak of Bz in left-hand side in μ0H=3.1 T at all 
temperatures, the trapped field increases with an applied field, and a typical corn-shaped distribution is formed 
inμ0H=4.6 T at 20-30 K and in μ0H=5.4 T at 40-50 K. If the incline of the distributions is observed in detail, that of 
the left-hand side changes near r=-8, and the slope of the portion r<-8 is less than that of the portion r>-8. Moreover,  
 
 
Fig. 1. Comparisons of the normalized total flux n between the holed (circle) and holeless bulks (square) at 20, 30, 40, and 50 K. 
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Fig. 2. One-dimensional magnetic field distributions that include the small holes for μ0H=3.1, 3.9, 4.6, 5.4, 6.3, and 7.0 T at 20, 30, 40, and 50 K. 
An inset indicates the portion of small holes and GSB. 
the slope of the latter portion is almost the same as that of the right-hand side. This indicates that the influence of 
small holes appears in the region of r<-8, and this portion is called “the hole-existence region.” 
To evaluate current density based on the trapped field distributions as shown in Fig. 2, the assumed current 
distribution model is shown in Fig. 3(a). Although the current, Jl, flows in the right-hand region and the portion 
between r=-8 and the peak of the left-hand region, the current, Jha, flows in a hole-existence region. These values are 
calculated by the critical current state model from Fig. 2. Moreover, since the small holes are not superconductive, 
current in the hole-existence region flows only into the portion surrounding the holes as shown in Fig.3(b). The 
substantial current density, Jhs, is expressed by 
, 
where d is the width of the hole-existence region and dh is total width of the holes, indicating that Jhs is greater than the 
apparent current density Jha. To evaluate the amplitude of Jhs, it is compared with Jl. 
Fig. 4 shows the ratio of Jhs to Jl as a function of an applied field in which the result of μ0H=3.1 T is omitted 
because it is difficult to calculate Jl correctly. In this figure, the Jhs /Jl value greater than 1 indicates that the current 
density at the hole-existence region is higher than that of the holeless region. In μ0H=3.9 T, the Jhs /Jn value is almost 1 
at all temperatures. At 50 K, the Jhs /Jl value is less than 1 in an applied field of μ0H>4.6 T, implying that flux flow 
occurs easily at a high applied field. At 30 and 40 K, the value is almost 1 in μ0H=6.2 and 7.0 T, indicating that flux 
flow is not promoted because of the small holes. At 20 K, the Jhs value is about 10% greater than the Jl value in 
μ0H=4.6-7.0 T. These results suggest the assumption that flux flow is inhibited due to enhancement of the current 
density in the hole-existence region.  
4. Conclusions 
    We have proposed that a bulk material with small holes can easily be magnetized by pulsed-field magnetization and 
confirmed the easy flux penetration in a low applied field and the inhibiting effect of magnetic flux reduction caused 
by flux flow in a high applied field. In this paper, the cause of these effects was investigated experimentally in detail.  
After a 60 mm x 20 mm GdBa2Cu3O7-x bulk material with four 2 mm holes filled with solder was cooled to 20-50 K, 
a pulsed field from 3.1 to 7.0 T was applied, and the trapped field distributions were measured on the vessel surface 
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Fig. 3. Current distribution model. (a)The bulk is divided into the portion including small holes (the hole-existence region) and the portion without 
holes (the holeless region), and the current density of each region is defined as Jhs and Jl, respectively. (b)In the hole-existence region, the 
substantial current density is defined as Jhs by considering that the current flows only into the portion surrounding the holes. 
 
Fig. 4. Ratio of  the substantial current density of the hole-existence region, Jhs and the current density of the holeless region, Jl as a function of 
an applied field μ0H=3.1-7.0 T at 20-50 K. 
after magnetization. In one-dimensional distributions that included the holes, it was confirmed that the incline of the 
distribution of the hole-existence region was different from that of the holeless region. Next, the density of the current 
in each portion was calculated using the critical state model, and a detailed current distribution model in which current 
flowed only in the portion surrounding the holes in the hole-existence region was proposed. By comparing substantial 
current density of the hole-existence region with the current density of the holeless region, the former was about 10% 
greater than the latter at 20 K, and both were almost same at 30 and 40 K. However, the former value was less at 50 K. 
These results suggested that improvement of current density by the small holes created an inhibiting effect of magnetic 
flux reduction in a high applied field. More detailed investigation of these effects will be carried out by changing the 
size and the number of holes.  
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